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been	 transported	 by	 us	 as	 parents,	 on	 our	 bikes.	
Never	 had	 she	 mentioned	 the	 circumstances	 that	
affected	the	biking	difficulty.	But	now	that	she	was	
able	 to	 ride	 a	 bicycle	 herself,	 she	 showed	 that	 she	



















into	 place,	 and	more	 intriguing	 even,	what mechanism	 drives	 the	 development	
of	action	understanding	and	action	prediction?	These	questions	 form	the	heart	
of	 the	 current	 thesis,	which	 focuses	 on	 action	prediction	 and	 the	development	
thereof.
Action understanding and action prediction




forms	 as	 action	 classification	 (“This	 is	 grasping	 a	 cup”),	 to	 action	 anticipation	
(“Preparing	 a	 hand	 action	 to	 grasp	 the	 offered	 cup”)	 to	more	 complex	matters	





















cannot	verbally	 report	on	 their	 interpretation	of	other’s	 intentions	 (Hunnius	&	
Bekkering,	2014).
Action	 prediction,	 on	 the	 other	 hand,	 is	 more	 directly	 measurable.	With	 ac-





be	measured	more	 implicitly	 by	 analyzing	where	 observers	 look	while	 the	 ac-
tion	is	still	unfolding	(Flanagan	&	Johansson,	2003).	If	an	infant	observes	an	actor	
grasping	a	cup	and	looks	to	the	cup	before	the	hand	arrives	there,	this	indicates	
that	 the	 infant	predicted	what	would	happen.	Hence,	gazing	at	 locations	where	



















2006;	Ambrosini	et	al.,	 2013).	However,	 it	 is	 less	clear	what	 types	of	observable	












the	naïve	 theory	of	rational	action,	only	 the	movements	of	objects	or	people	 to	
whom	the	observer	ascribes	agency,	can	be	predicted	(Gergely,	&	Csibra,	2003).	
The	 issue	of	 agency	 and	 its	 effect	 on	 action	prediction	 is	 briefly	 touched	upon	
in	 the	 experiments	 reported	 in	 Chapter	 5	 of	 this	 thesis.	 There,	 the	 objects	 are	
either	 self-propelled	 (Exp.	 1),	 or	 their	movement	 are	 externally	 triggered	 (Exp.	
2).	Second,	having	prior	knowledge	about	the	agent	affects	the	interpretation	of	
an	action	and	predictions	resulting	from	the	interpretation.	For	example,	a	hand	











(Gallese,	Rochat,	Cossu,	&	Sinigaglia,	2009;	 Iacoboni	et	al.,	2005).	 In	 the	current	
thesis,	the	term	“target”	is	adopted,	which	refers	to	the	object	an	action	is	directed	
at	(examples	can	be	found	in	Chapters	3,	4,	and	6)	or,	more	broadly,	the	location	
















seem	 not	 very	 helpful	 at	 first.	 The	 view	 that	 targets	 are	more	 important	 than	






Mirror	 neuron	 research	 with	 macaque	 monkeys	 seemed	 to	 indicate	 that	 the	













can	 judge	based	on	 the	kinematics	of	 lifting	movements	whether	an	actor	held	





















The	observers’	 premotor	mirror	neuron	 areas	 responded	more	 strongly	 to	 the	
grasping	action	 if	 the	 context	 indicated	 “before	having	 tea”,	 compared	 to	 “after	
having	 tea”,	 which	 according	 to	 the	 authors	 meant	 that	 observers	 responded	
more	strongly	to	grasping	with	the	intention	to	drink	than	to	grasping	with	the	
intention	 to	clean	up	the	 table.	 In	 the	current	 thesis,	 the	role	of	visible	context	
of	the	action	in	action	prediction	is	investigated	in	Chapters	3	and	4.	The	visible	
context	in	this	case	concerns	action	constraints	which	shape	actions,	such	that	the	


























bituated.	After	habituation,	 infants	are	presented	with	 two	different	 test	 trials,	
which	both	no	longer	contain	the	vertical	obstacle.	In	the	one	test	trial,	the	agent	












element	 of	 an	 action	 (the	 goal),	 and	 the	 elements	 can	 be	 left	 out	 interchange-
ably:	the	infant	can	infer	the	goal	from	the	path	and	the	obstacle	as	easily	as	she	













But	 then,	 can	 we	 draw	 conclusions	 about	 action	 prediction	 based	 on	 looking	
times	 in	 a	habituation	paradigm?	Sensitivity	 for	 a	 violation	of	 efficiency	which	























the	 scope	 of	 this	 thesis	 to	 describe	 these	 accounts	 in	 depth.	 A	 common	 factor	
shared	in	experience-independent	views	is	that	no	improvement	in	action	predic-




















that	 associative	 learning	 is	 a	powerful	 learning	mechanism	 in	 infancy	 (Fiser	&	
Aslin,	 2002;	Slater,	Mattock,	Brown,	Burnham,	&	Young,	 1991;	Younger	&	Cohen,	
1986).	Not	only	are	 infants	able	 to	 form	associations	between	perceived	events	








Visual	 experience	with	 sequences	hence	 can	 later	 form	 the	basis	 for	predict-
ing	 future	 states	of	 these	observed	sequences,	 and	 this	 can	apply	 to	actions	as	
well.	A	recently	conducted	eye-tracking	study	in	our	 lab	tested	whether	infants	
can	predict	observed	action	sequences	based	on	statistical	 learning	(Monroy	et	
al.,	 submitted).	 Infants	 observed	 a	 continuous	 stream	 of	 actions	 consisting	 of	






















previous	 actor	 is	 now	 inactive,	 only	 perceiving	 the	 action-effect.	 In	 the	 action	
observation	domain,	a	novel	action	effect	might	become	bound	to	a	motor	code	
in	the	observer	using	a	similar	principle:	the	observer	views	an	actor	making	a	




sociation	 between	 the	motor	 code	 and	 the	 percept	 of	 the	 action	 effect	may	be	
established	 in	 the	observer,	 this	 time	without	having	performed	this	particular	
action	herself.	Hence,	if	a	person	is	capable	of	performing	an	action,	then	observ-









by	motor	 experience,	 I	will	 first	 review	 findings	on	motor	 system	 involvement	
in	action	perception,	followed	by	a	discussion	of	the	role	of	motor	experience	in	
action	perception	development.	Based	on	 these	developmental	 accounts,	 I	will	
explain	how	motor	experience	might	influence	action	prediction.




action	 execution	 does.	 Likewise,	 theories	 proposing	 a	 link	 between	 action	 and	
perception	(see	e.g.	Prinz,	1987;	Greenwald,	1970;	Gibson,	1979;	James,	1890;	von	
Hofsten	&	Lee,	1982)	were	formulated	well	before	the	discovery	of	the	so-called	





nau,	 Gesierich,	 &	 Caramazza,	 2009;	 Turella,	 Pierno,	 Tubaldi,	 &	 Castiello,	 2009;	
Hickok,	 2009;	Kilner,	Neal,	Weiskopf,	Friston,	&	Frith,	 2009;	Mukamel,	Ekstrom,	
Kaplan,	 Iacoboni,	 &	 Fried,	 2010).	 Now,	 there	 is	 relatively	 broad	 consensus	 that	
humans	 have	 a	mirror	 system	 (MS;	 Rizzolatti,	 2005;	 Aziz-Zadeh,	 Koski,	 Zaidel,	
Mazziotta,	 &	 Iacoboni,	 2006;	 Newman-Norlund,	 van	 Schie,	 van	 Zuijlen,	 &	 Bek-
kering,	 2007;	 Catmur,	 Walsh,	 &	 Heyes,	 2007),	 sometimes	 also	 called	 an	 action	
21
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observation	 network	 (AON;	 Cross,	 Kraemer,	 Hamilton,	 Kelley,	 &	 Grafton,2009;	






















areas	 simultaneously.	 Hence,	 researchers	 assessing	 motor	 activation	 are	 left	
with	EEG	or	functional	Near	Infra-Red	Spectroscopy	(fNIRS)	as	relatively	direct	
measures	 of	 motor	 activation	 and	 with	 imitation	 as	 a	 more	 indirect	 measure.	
The	motor	resonance	account	of	imitation	postulates	that	if	the	motor	system	of	
an	 infant	 is	activated	while	observing	 the	model’s	actions,	 the	chance	 is	higher	
that	the	infant	will	 imitate	the	action	(Paulus	et	al.,	2011d).	Imitation	scores	can	










































the	 perception-link.	 For	 example,	 neonates	 are	 expected	 to	 have	 sensorimotor	
links	 for	actions	 they	are	 incapable	of	performing	 themselves	 (Craighero	et	al.,	
23
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tion	 (Csibra,	 2007;	 Southgate,	 2013).	 In	Csibra’s	 view,	 an	observer	 first	makes	a	
goal	inference	when	observing	an	action	outside	the	motor	system.	Based	on	this	
goal	 inference,	 the	action	 that	 is	necessary	 to	bring	about	 the	goal	 is	emulated	
in	the	motor	system.	Thus,	an	infant	can	link	perception	to	action	as	long	as	the	
observed	action	can	be	emulated	 in	 the	motor	system.	But	when	can	an	action	
and	when	 can	 an	 action	not	 be	 emulated?	 The	 theory	 does	 not	 provide	 an	 ex-
plicit	answer	to	this	question,	but	presumably,	the	infant	must	have	some	motor	


















moves,	 both	 the	motor	 code	 necessary	 to	 perform	 the	 action	 and	 the	 percept	
resulting	from	the	motor	code	are	active.	If	the	sensory	code	and	the	motor	code	








































ments.	 Thus,	 experience	with	 crawling	 seems	 to	 affect	 the	motor	 involvement	
25
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when	 observing	 crawling.	 Indeed,	 individuals	with	 longer	 crawling	 experience	






The role of Motor Experience for Action Prediction
The	 overwhelmingly	 large	 body	 of	 research	 showing	 that	 the	motor	 system	 is	
activated	during	action	observation	begs	 the	question	what	 the	 functional	 role	
of	 the	motor	 system	 is	 in	action	perception.	A	widely	accepted	 idea	 is	 that	 the	






As	 sensory	 information	 arrives	 only	 after	 a	 relatively	 long	 delay	 at	 the	 central	
nervous	system,	feedback	of	the	sensory	system	comes	in	relatively	 late	during	
the	 action	 and	 relying	on	 such	 feedback	 is	 hence	not	 very	 effective.	Therefore,	
when	 initiating	movements,	 the	motor	 system	generates	predictions	 about	 the	
expected	 sensory	outcomes	of	 the	 initiated	movement.	These	predictions	 stem	
from	forward	models	(Wolpert	et	al.,	2003;	Wolpert	&	Flanagan,	2001)	which	are	
supposedly	 acquired	 through	 action	 experience.	 Moreover,	 sensory	 outcomes	
become	associated	with	motor	commands	through	sensorimotor	learning.	Once	
the	 associations	 are	 formed,	 they	 can	be	used	 in	 the	 forward	model	 to	predict	
upcoming	 sensory	 states.	 Empirical	 evidence	 for	 this	 mechanism	 stems	 from	
research	 with	 robots	 (Demiris	 &	 Dearden,	 2005)	 and	 adults	 (Sailer,	 Flanagan	















contrast	 to	 the	6-month-olds.	 The	 results	 of	 the	 study	 revealed	 the	 12-	 but	not	







It	 becomes	 clear	 from	 the	 literature	 described	 above	 that	 there	 are	 multiple	
mechanisms	on	which	predictions	of	observed	actions	can	be	based.	In	principle,	
purely	visual	experience	might	be	enough	to	predict	the	future	states	of	ongoing	
actions.	However,	 a	 growing	body	 of	 literature	 suggests	 that	motor	 experience	
might	 play	 a	 crucial	 role	 in	 action	 prediction.	 Furthermore,	 abstract	 rules	 and	


















role	of	 contextual	 information	 in	 the	development	of	action	prediction,	Chapter	
4	reports	a	study	on	two	groups	of	 infants	and	a	group	of	adults	who	observed	






































































acting	 in	 it.	 Recent	 research	 has	 demonstrated	 that	 infants	 form	 expectations	





























actions	 to	be	executed	 smoothly,	we	need	 to	make	predictions	and	 cannot	 rely	










be	modulated	 ahead	 of	 time	 (Kilner,	 Vargas,	 Duval,	 Blakemore,	 &	 Sirigu,	 2004;	
Southgate	et	 al.,	 2009).	Kilner	and	colleagues	 (2007)	proposed	a	 computational	
model	of	how	the	mirror	neuron	system	(MNS)	can	generate	predictions	of	which	






action	 is	 observed,	 there	 is	 an	 initial	mismatch	 between	 the	 observed	 and	 the	
predicted	action,	and	subsequently	new	predictions	need	to	be	generated.	This	is	
thought	to	result	in	stronger	motor	activation.	In	sum,	the	model	implies	stronger	






apparent	 as	 a	desynchronization	 in	 the	mu-frequency	band.	Oscillations	 in	 the	
mu-frequency	band	are	 thought	 to	originate	 from	sensorimotor	 cortex	and	are	
found	maximal	over	central	and	precentral	sites	(Pineda,	2005).	Desynchroniza-















measuring	 motor	 activation	 in	 response	 to	 action	 observation,	 as	 reflected	 in	














The	mean	age	of	 this	 group	was	 12	months	 and	 5	days	 (SD =	 10	days),	 and	 the	

















successfully,	 the	 experiment	 was	 started.	 Otherwise	 the	 calibration	 procedure	
was	repeated	for	the	missing	calibration	points	in	the	grid.
Two	movement	tilt	sensors	(CW60A/30;	Comus	Group	of	Companies,	Tongeren,	




program	 implemented	 in	 Presentation	 12.1	 (Neurobehavioral	 Systems,	 Albany,	
CA,	USA).	In	addition,	the	test	sessions	were	video-recorded	and	coded	offline	to	





































The	visual	 angle	of	 the	movies	was	 21.7°	 in	 the	 vertical	 direction	 and	 21.5°	 in	












Analysis of the eye movement data
The	amount	of	eye	movement	data	per	infant	was	considered	to	be	sufficient	for	
analysis	 if	 gaze	 data	were	 available	 for	 at	 least	 half	 of	 the	 testing	 time.	As	 the	
eye-tracking	system	is	sensitive	to	head	movements,	for	some	babies	eye	data	was	









whether	 the	 infant	was	attending	 to	 the	actor	and	 the	action	during	 the	 lifting	





an	 anticipatory	 fixation	 was	 different	 for	 Ordinary	 vs.	 Extraordinary	 stimulus	
movies	was	determined.	A	custom-made	software	 tool	 (GSA,	Donders	 Institute,	
Nijmegen,	 The	 Netherlands)	 was	 used	 to	 process	 the	 eye	movement	 data	 and	
define	whether	 and	when	 fixations	were	 in	 the	AoIs.	 To	 test	 for	 differences	 in	
frequency of anticipatory looks between	Ordinary	and	Extraordinary	actions,	a	2	
x	2	repeated-measures	analysis	of	variance	(ANOVA)	was	conducted,	with	Target	
area	as	a	second	independent	factor.	Due	to	the	limited	overall	number	of	visual	




differences	 in	 the	 latencies	of	anticipatory	 looks	between	the	Ordinary	and	the	
Extraordinary	action	conditions.
Electrophysiological recording
EEG	 was	 recorded	 using	 a	 BrainCap	 with	 30	 Ag/AgCl	 electrodes	 (EasyCap,	





Analysis of the EEG data
Artifact	rejection	was	done	manually	on	EEG	segments	that	started	with	the	lift-
ing	of	the	object	and	ended	after	1200	ms.	This	interval	was	based	on	the	average	
duration	of	 the	 lifting	phase	and	corresponded	 to	 the	 time	window	of	 the	eye-
movement	analyses1.
Infants	 were	 included	 in	 the	 EEG	 analyses	 if	 their	 EEG	 dataset	 contained	 at	

























showed	 a	 broad	 scalp	 distribution,	 and	was	most	 prominent	 at	 fronto-central	
electrode	sites.
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age	 of	 visual	 anticipations	 anticipations	 to	 the	mouth	was	 27.2	%	 (SD =	9.1)	 in	
the	Ordinary	Mouth	condition	and	27.2%	(SD =	21.2)	in	the	Extraordinary	Mouth	
condition	(see	Figure	4a).	Anticipations	to	the	ear	occurred	less	frequently	(see	
Figure	 4b).	 For	 the	Ordinary	Ear	 condition,	 anticipatory	 looks	 towards	 the	 ear	

















no	 difference	 between	 the	 Ordinary	 (M =	 –117	ms;	 SD =	 300)	 compared	 to	 the	
Extraordinary	(M =	–140	ms;	SD =	309)	action	condition,	t(10)	=	25,	p =	0.8.
Mu-suppression in the EEG signal during action observation







over	 fronto-central	 sites	 (see	 Figure	 5).	 The	 power	 in	 the	mu-frequency	 band	
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condition	(M =	5.4	µV2;	SD =	2.9)	compared	to	the	Ordinary	action	condition	(M 
=	6.3	µV2;	SD =	3.7).	No	other	main	effects	were	found.	Moreover,	there	were	no	






to	 the	 ordinary	 target	 location	 (cup	 to	mouth;	 phone	 to	 ear)	 or	 to	 an	 unusual	
target	 location	 (cup	 to	 ear;	 phone	 to	 mouth).	 Infants	 showed	 stronger	 motor	
activation	during	the	observation	of	extraordinary	compared	to	ordinary	actions,	












the	 fact	 that	 they	 learned	 about	 the	 unfamiliar	 object–target	 associations	 as	 a	
consequence	of	the	large	number	of	stimulus	repetitions.	Indications	of	learning	
effects	had	been	present	in	the	original	study	of	Hunnius	and	Bekkering	(2010),	
but	 less	 pronounced.	 In	 the	 current	 study,	 learning	might	 have	 had	 a	 stronger	
effect,	 as	EEG	experiments	 require	 far	more	 trials	 than	 eye-movement	 studies.	
In	this	EEG	experiment,	infants	were	presented	with	up	to	30	repetitions	of	each	








desynchronization	 during	 action	 observation	 appeared	 rather	 frontal,	 similar	
scalp-distributions	 of	 motor	 related	 effects	 have	 been	 found	 before	 (see,	 e.g.,	
van	Elk,	 van	 Schie,	 Zwaan	&	Bekkering,	 2010;	 Pfurtscheller,	 Brunner,	 Schlögl,	&	
Lopes	da	Silva,	2006;	displaying	individual	variation	in	topoplots	in	mu-frequency	
desynchronization).	Furthermore,	 in	our	 study,	 the	power	 in	 the	mu-frequency	
band	averaged	over	all	conditions	was	found	maximal	at	frontocentral	sites.












should	end.	Reid	and	colleagues	 (2009),	 for	 instance,	 showed	 that	9-month-old	
infants	differentiate	between	ordinary	 and	extraordinary	 action	 end	 states.	 In-
fants	displayed	an	N400-like	pattern	when	observing	an	extraordinary	action	end	
state,	which	indicates	that	their	expectations	as	to	how	the	action	would	end	were	




end	 states	 of	 actions	 they	 observe.	 However,	 which	 processes	 underlie	 these	





activation,	 because	 the	 predictions	 need	 to	 be	 updated	 to	match	 the	predicted	










eye	 movements,	 because	 no	 quantitative	 differences	 were	 found	 between	 the	
visual	anticipations	in	the	two	conditions.
Consistent	with	our	findings,	recent	empirical	research	with	adults	has	shown	







Schubotz,	 and	 von	 Cramon	 (2003)	 describe	 a	 stronger	 motor	 activation	 when	
participants	were	watching	movements	that	differed	from	what	one	would	expect	

































a	maximal	 chance	 to	make	 correct	predictions	of	 the	 action	 end	 state	 for	both	
ordinary	and	extraordinary	actions.	Although	 the	design	allowed	 the	 infants	 to	
acquire	action–effect	associations,	this	cannot	account	for	the	difference	we	found	
between	ordinary	and	extraordinary	actions.	That	is,	 learning	opportunities	for	
action–effect	 associations	were	 comparable	 for	 ordinary	 and	 extraordinary	 ac-
tion	conditions	(i.e.,	one	actor	performed	ordinary	actions;	another	actor	always	
extraordinary	 actions),	 but	 still,	 a	 stronger	 activation	 of	 motor-related	 brain	
areas	 was	 found	 for	 extraordinary	 compared	 to	 ordinary	 actions.	 This	 motor	
activation	might	be	a	reflection	of	the	predictions	generated	by	the	motor	system.	
Extraordinary	actions	required	additional	predictions	to	be	generated	to	infer	the	
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Gunter,	 Friederici,	 &	 Prinz,	 2005;	 van	 Elk	 et	 al.,	 2008a)	 and	 neuroimaging	 data	
(Grafton	&	Hamilton,	2007)	suggest	goals	to	be	more	prominent	than	movement	
kinematics	in	action	perception.	The	current	study	is	the	first	to	investigate	the	
role	 of	 goal	 objects,	 environmental	 constraints,	 and	movement	 kinematics	 for	
predictions	about	the	action	path	of	an	observed	actor.
How	 people	 come	 to	 predict	 others’	 actions	 has	 been	 studied	with	 different	
paradigms,	 all	 contributing	pieces	 to	 the	puzzle	 of	which	 sources	 in	 the	 visual	
domain	may	be	used	 for	 these	action	predictions.	 In	general,	 empirical	 studies	
mainly	have	explored	how	these	sources	contribute	 to	action	prediction	 in	 iso-
lation.	 Theoretical	models,	 on	 the	 other	 hand,	 have	 to	 some	 extent	 focused	 on	
combined	sources	 for	action	prediction,	as	 they	all	 incorporate	contextual	con-
straints	and	goals	as	major	factors.	According	to	Gergely	and	Csibra	(2003)	and	
Baker,	Saxe,	and	Tenenbaum	(2009),	humans	predict	actions	of	intentional	agents	









are	 generated	by	 the	mirror	neuron	 system	 (MNS),	 and	 are	based	on	 informa-
tion	from	observed	movement	kinematics	(lowest	level),	goal	inferences	(highest	
level),	 and	 contextual	 information	 (serving	 as	 a	 prior).	 Taken	 together,	 three	
aspects	 are	mentioned	 in	 the	 literature	which	 can	 underlie	 action	 predictions,	
namely	information	about	goals,	context	and	movement	kinematics.
The	contribution	of	all	three	factors	in	isolation	to	action	perception	is	indicated	

















&	Bekkering,	2010).	Moreover,	 results	 from	neuroimaging	studies	 illustrate	 that	
observed	object-directed	actions	are	processed	differently	 in	 the	brain	than	 in-
transitive	 actions.	 For	 instance,	 observation	 of	 object-directed	 actions	 leads	 to	
stronger	effects	in	cortical	motor	areas	than	non-object-directed	actions	(Muthu-
kumaraswamy	et	al.,	2004;	Buccino	et	al.,	2001;	Caspers,	Zilles,	Laird,	&	Eickhoff,	
2010).	 Furthermore,	 observation	 (and	 simulation)	 of	 object-directed	 actions	 is	
tends	 to	activate	different	regions	 in	 the	parietal	 lobe	compared	to	 intransitive	
actions	(Jeannerod,	1994;	Lui	et	al.,	2008;	Creem-Regehr	&	Lee,	2005).
Third,	action	kinematics	can	be	used	in	understanding	and	predicting	the	ob-
served	actions.	For	 instance,	participants	 can	 judge	based	on	body	movements	
of	 actors	 whether	 the	 weight	 they	 lift	 corresponds	 to	 the	 weight	 they	 expect	




tion	underlying	a	grasping	movement	 (to	cooperate,	 compete	or	 to	perform	an	
individual	action)	can	be	accurately	predicted	when	the	start	of	this	movement	
is	observed	(Sartori	et	al.,	 2011).	Even	when	 the	action	seems	 to	have	no	 target	
object,	accurate	predictions	about	an	observed	action	can	be	made	on-line	when	
watching	movement	kinematics	 (Graf	 et	 al.,	 2007).	 Predicting	 the	 flow	of	 these	
observed	movement	kinematics	is	easier	when	an	observed	point-light	figure	dis-
plays	human	kinematics	compared	to	less	complex	non-human	kinematics,	which	
suggests	 that	 the	motor	 system	maps	 observed	 actions	 to	 come	 to	 predictions	
of	 the	observed	action	(Stadler,	Springer,	Parkinson,	&	Prinz,	2012).	 In	addition,	
in	real	life	tasks,	such	as	in	joint	action	settings,	people	not	only	predict	the	goal	
of	 another	person’s	 action	but	 also	 the	 action	kinematics	 necessary	 to	 achieve	
this	goal.	This	is	illustrated	by	the	finding	that	people	adjust	their	behavior	such	
that	 beginning	 state	 comfort	 is	 attained	 for	 an	 interaction	 partner	 (Gonzalez,	
Studenka,	Glazebrook,	&	Lyons,	2011).
In	 sum,	previous	 research	demonstrates	 that	 contextual	 constraints,	 goal	ob-
jects	as	well	as	action	kinematics	can	be	used	for	action	prediction.	However,	how	
these	 three	aspects	 together	contribute	 to	action	predictions	of	human	actions	
remains	unclear.	Especially,	 the	 role	of	movement	kinematics	opposed	 to	more	
abstract	 object	 and	 context	 information	 needs	 further	 investigation.	 Theoreti-
cally,	action	predictions	could	be	solely	based	on	the	combination	of	situational	
constraints	 and	 target	 objects.	 However,	 when	 simulating	 an	 observed	 action,	
























between	 the	 conditions.	 However,	 if	 kinematics	 are	 driving	 action	 prediction,	











tested.	 They	 gave	written	 informed	 consent	 to	 participate	 and	 either	 chose	 to	
receive	 five	euros	 in	vouchers	 for	participation	or	credit	points.	All	were	right-
handed	students	recruited	at	the	Radboud	University	in	Nijmegen.
Design
The	 study	 was	 an	 action-observation	 setting,	 in	 which	 a	 two	 by	 two	 within-
subjects	design	was	applied.	Participants	viewed	videos	of	an	actor	walking	a	few	
steps	 and	 then	 crawling.	 In	 half	 of	 the	 cases	 the	 action	was	 object-directed,	 in	
the	other	half	 it	was	not-object-directed	(Target	object	vs.	No	target	object).	As	
a	 second	manipulation,	 the	action	 context	was	manipulated	 such	 that	 crawling	
took	place	either	underneath	the	table	or	beside	the	table	(Underneath	table	vs.	




























































pared	 to	 the	Underneath	 table	 condition	 (Until	pause:	M	=	 2,397,975;	Complete	
videos:	M	=	2,241,175).	The	motion-energy	algorithm	applied	here	 is	 the	sum	of	
the	squared	differences	 in	 the	color	channels	of	each	pixel	between	 frames	(cf.	
Schippers	et	al.,	2010).	In	the	Beside	tables	conditions	the	actor	moves	closer	to	
the	camera,	and	takes	up	a	 larger	area,	and	hence	more	pixels,	of	 the	stimulus,	
which	 could	 explain	 the	 results	 of	 the	motion	 energy	ANOVAs.	Alternatively,	 it	
might	be	that	the	actors	move	in	a	less-variable	manner	in	the	Underneath	table	
condition	compared	to	the	Beside	table	condition.










The	experiment	started	with	an	 instruction	phase,	 in	which	participants	 learnt	




































Exp.1 Exp. 2A Exp. 2B
Accuracy rate D prime Accuracy rate D prime Accuracy rate D prime
Underneath table x Target object 73% (8.6) 1.36 (0.64) 57% (12) 0.30 (0.60) 74% (11) 1.48 (0.74)
Underneath table × No target object 55% (7.0) 0.26 (0.38) 70% (11) 1.29 (0.71) 54% (11) 0.15 (0.57)
Beside table x Target object 57% (7.0) 0.24 (0.44) 59% (8) 0.59 (0.60) 56% (5.8) 0.12 (0.37)
































are	 not	 independent	 from	 each	 other.	 Apparently,	 a	 contextually	 constrained	
movement	only	becomes	more	predictable	if	a	target	object	is	present.	The	target	
object	might	direct	the	movements	of	the	actor	towards	a	specific	location,	which	



























































As	 in	 Experiment	 1,	 accuracy	 rates	 and	 d’s	 were	 calculated	 per	 condition	 per	
participant	(see	Table	1).	A	two	(Context)	by	two	(Object-directedness)	repeated	
measures	ANOVA	 revealed	 that	 accuracy	 rates	were	 influenced	by	both	 factors	





























Comparisons	with	Underneath	 table	with	No	 target	 condition	were	 significant:	








constrained	by	 the	 context	 and	not	object-directed.	The	d’	 analysis	 yielded	 the	
same	pattern	of	 results,	 indicating	 that	 the	 effect	 in	 the	 accuracy	data	 is	 not	 a	
mere	response	bias.	Action	predictions	were	more	accurate	for	the	stimuli	which	
were	in	the	first	experiment	object-directed	and	contextually	constrained.	Thus,	
the	 effect	 found	 in	 Experiment	 1	 shifted	 together	 with	 the	 original	 movement	
kinematics.	This	 finding	suggests	that	not	the	target	object	 itself	 influences	the	
observers’	 action	 predictions,	 but	 the	 movement	 kinematics	 of	 the	 actor	 they	





















cluder	was	placed	over	 the	 target	object.	The	dimensions	of	 the	occluder	were	






























of	 the	accuracy	data,	with	a	main	effect	of	Context	 [F(1,22)	=	 10.4,	p =	0.004],	 a	
main	effect	of	Target	object	 [F(1,22)	=	 12.1,	p =	0.002],	 and	a	 significant	 interac-
tion	[F(1,22)	=	109,	p <	0.001].	Post	hoc	paired-samples	t-tests	were	conducted	to	


































object	 itself,	 these	 findings	 suggest	 a	 crucial	 role	 of	 movement	 kinematics	 in	
action	predictions.	The	d’	analysis	shows	the	same	results	as	the	accuracy	data,	
indicating	that	this	is	not	just	a	response	bias.
Both	 the	 accuracy	data	 and	 the	d’	 analysis	 show	 that	 the	 trials	 of	 one	of	 the	
actors	 yielded	 slightly	 better	predictions	 in	 the	 condition	where	 crawling	 took	




















kinematics.	 So	 far,	 theoretical	 and	 computational	 studies	 on	 action	 prediction	
suggest	that	action	predictions	are	based	on	information	about	target	objects	and	
situational	constraints	(Gergely	&	Csibra,	2003;	Baker	et	al.,	2009).	In	Experiment	




tion	 suggests	 that	 action	 representations	 are	 hierarchically	 organized	 (Grafton	





of	 Experiment	 2B	 confirm	 this,	 as	 the	 absence	 of	 visual	 information	 about	 the	
target	object	still	led	participants	to	be	more	accurate	in	their	predictions	of	the	
constrained	object-directed	actions	compared	 to	 the	other	actions.	 In	 line	with	
our	results,	recent	empirical	work	indicates	that	movement	kinematics	may	affect	
action	predictions	(Sartori	et	al.,	2011;	Graf	et	al.,	2007;	Stadler	et	al.,	2012).
Although	 typically	mentioned	 in	 the	 literature	 on	 action	 perception,	 the	 im-
portance	of	movement	kinematics	for	predicting	the	actions	observed	is	under-
valued.	That	 is,	 it	 is	often	emphasized	 that	actions	with	similar	kinematics	can	
have	different	goals	(Kilner	et	al.,	2007;	Jacob	&	Jeannerod,	2005),	and	vice	versa,	
similar	 goals	 can	 be	 achieved	 with	 different	 kinematics.	 Furthermore,	 actions	
with	 different	 kinematics	 but	 the	 same	 goal	 lead	 to	 similar	 activity	 in	 specific	





goal.	 For	 instance,	 imitation	 studies	 show	 that	 goals	 are	 imitated	while	means	
are	mostly	neglected	(Bekkering	et	al.,	2000;	Wohlschläger	&	Bekkering,	2002).	In	











subtle	 changes	 in	 the	 kinematics	 of	 an	 observed	 action	 can	be	used	 to	 predict	
action	targets	(Neal	&	Kilner,	2010).	Already	in	infancy,	movement	kinematics	such	
as	the	grip	aperture	of	the	actor	can	form	the	basis	for	expectations	about	which	




































what	extend	 these	results	can	be	generalized	 to	other	situations	remains	 to	be	
studied.	 The	 actions	 were	 observed	 from	 a	 third-person	 perspective,	 possibly	
making	it	more	difficult	for	observers	to	predict	how	they	themselves	would	act	






predictions?	 What	 defines	 the	 goal-directedness	 in	 the	 movements	 of	 actors?	
There	are	several	parameters	known	from	action	production	studies	which	might	
affect	 the	predictability	of	 the	observed	actions.	First	of	 all,	when	approaching	
an	 obstacle,	 velocity	 is	 normally	 reduced	 and	 step	 width	 is	 increased	 already	
several	 steps	 before	 arriving	 at	 the	 obstacle	 (Vallis	 &	McFadyen,	 2003).	 In	 our	
study,	 the	 table	 functioned	 as	 an	 obstacle	 in	 the	 conditions	 in	which	 the	 actor	
crawled	underneath	 the	 table.	Consequently,	her	deceleration	before	 switching	










strongly	 bound	 in	 space	 than	 the	 not-objected	 directed	 conditions,	which	may	
have	influenced	the	movements	of	the	actors.	Other	parameters	which	may	influ-
ence	the	predictability	of	observed	actions	are	head	orientation,	head	movements	
and	 arm	movements.	 Pelz,	Hayhoe,	&	Loeber	 (2001),	 for	 instance,	 show	 that	 in	
a	 naturalistic	 task,	 the	 pattern	 of	 head,	 eye	 and	 hand	movements	 depends	 on	




In	 conclusion,	 our	 results	 show	 that	 people	 predict	 actions	 based	 on	 target	
objects	 and	 situational	 constraints.	 Predictions	 of	 ongoing	 actions	 are	 more	
accurate	and	sensitive	 if	 the	observed	action	 is	 constrained	by	 the	context	and	
object-directed.	 For	 their	 predictions,	 observers	 use	 subtle	 movement	 cues	 of	
































































Jeannerod,	2005)	might	 flip	 from	“this	 is	 to	cure”	 to	“this	 is	 to	hurt”,	depending	
on	whether	the	action	is	conducted	in	an	operating	theatre	or	elsewhere	(Kilner	





Cavallo,	 Bertone,	 &	 Becchio,	 2014	 Gergely,	 &	 Csibra,	 2003).	 According	 to	motor	
simulation	accounts	(Wilson	&	Knoblich,	2005;	Wolpert	et	al.,	2003),	predictions	
of	observed	actions	can	be	made	by	simulating	the	observed	action	in	one’s	own	
motor	 system.	 In	 action	 execution,	 the	motor	 system	 selects	 those	movements	
that	 are	 the	 most	 efficient	 movements	 to	 accomplish	 a	 planned	 goal	 (Nelson,	
1983).	Observers	may	therefore	expect	others	to	act	efficiently.	A	similar	hypoth-
esis	 can	be	derived	 from	rationality	 theory	 (Gergely	and	Csibra,	 2003).	That	 is,	
adults	and	also	infants	expect	agents	to	act	efficiently	and	to	only	make	detours	
when	confronted	with	obstacles.	Consequently,	the	exact	same	action	path,	mov-








have	 used	 relatively	 abstract,	 non-human	 agents	 (e.g.,	 Bíró,	 2013;	 Csibra,	 2008;	
Gergely	 et	 al.,	 1995).	 To	what	 extent	 and	 from	what	 age	 situational	 constraints	












in	 that	case	 infants	might	use	 their	 (action)	experience	with	comparable	situa-
tions	 to	 judge	whether	 an	action	 is	 efficient	or	 inefficient	 given	 the	 situational	
constraints	(Hunnius	&	Bekkering,	2014).
To	shed	more	light	on	the	development	of	action	prediction	based	on	situational	













































Walking experience of the 23-month-old toddlers






was	 animated	 based	 on	 human	movement	 recordings.	 A	 previous	 study	 using	






constraints,	 while	 keeping	 the	movements	 of	 the	 actor	 identical	 across	 condi-
tions.	Therefore,	movements	 of	 an	 actor	were	 recorded	with	 an	MVN	Biomech	
motion	 tracking	 system	 (XSens,	 Enschede,	 the	 Netherlands)	 consisting	 of	 17	
inertial	sensors	tracking	the	movements	of	the	actor	at	120	Hz.	The	actor	started	















depicted	 in	 the	 first	stimulus	was	 the	 target	of	all	actions	shown	subsequently.	
After	the	first	stimulus,	24	(in	case	of	the	infant	and	toddler	participants)	or	48	
(adults)	trials	were	presented	in	random	order.	In	the	stimuli,	the	actor	could	be	
observed	making	 the	recorded	movements,	with	added	still	 frames	at	 the	start	
(actor	standing	for	0.5	sec)	and	at	the	end	of	the	action	(actor	standing	holding	the	
ball	for	1	sec,	see	Fig.1).	Stimulus	duration	ranged	between	10.6	and	11.7	seconds	
(M	=	 11.3	 sec).	 The	 observed	 crawling	 took	place	 in	 a	 little	 house	 in	which	 the	
ceiling	was	either	at	normal	height	so	that	it	permitted	walking	or	lowered	(see	
Fig.	2A	and	2B).	For	both	stimulus	backgrounds,	all	6	different	movements	were	





















tor	of	 a	Tobii	 1750	eye-tracker	 (Tobii	Technologies,	Danderyd,	 Sweden).	 Infants	
were	placed	in	a	car	seat	on	their	caregiver’s	lap.	Toddlers	who	were	better	able	
to	 sit	 in	a	 stable	and	upright	position	were	 seated	directly	on	 their	 caregiver’s	
lap,	 and	 adult	 participants	were	 seated	 on	 a	 height-adjustable	 office	 chair.	 All	
participants	first	underwent	a	calibration	procedure	in	which	a	contracting	and	
expanding	circle	was	presented	on	the	screen	on	9	different	locations	after	each	
other,	 forming	 a	 3-by-3	 grid.	 The	 visual	 stimulus	was	 accompanied	 by	 a	 sound	
to	 attract	 attention	 to	 the	 screen.	 The	 calibration	was	 considered	 successful	 if	
data	was	 gathered	 for	 7	 or	more	 grid	 locations.	 Immediately	 after	 the	 calibra-
tion	procedure,	the	experiment	started	and	video	stimuli	were	displayed	on	the	
eye-tracker	 screen	 (resolution:	 1024	 by	 1280)	 while	 the	 participants’	 gaze	 was	
registered.	To	maintain	the	attention	to	the	screen,	the	experimental	stimuli	were	
interleaved	with	attractive	audiovisual	clips	(7	for	the	children,	2	for	the	adults).	





a	 stimulus	 AoI	 was	 defined	 containing	 the	 complete	 display	 (720	 by	 1280	 px).	
Per	participant	and	per	condition,	we	counted	the	number	of	trials	in	which	the	
participant	fixated	at	 least	once	on	the	stimulus	display.	The	infant	and	toddler	
participants	 attended	 to	 at	 least	 10	 trials	 per	 condition,	 the	 adult	 participants	
watched	all	trials.	Per	participant	and	condition,	trials	were	counted	in	which	the	


















































	 =	 16;	 t(65)	 =	 0.76,	p	 =	 0.451,	 see	 Fig.	 5),	 but	 participants	 looked	more	



























































































































































depend	 on	 situational	 constraints	 that	 have	 an	 impact	 on	 the	 efficiency	 of	 the	
observed	action.	 In	addition,	 the	developmental	 timeline	and	 the	role	of	motor	
experience	for	predictions	based	on	action	constraints	were	studied.	No	evidence	




the	 frequency	of	 anticipatory	 looks	 to	 the	 target	between	 the	 efficient	 and	 the	






predictions	on	action	efficiency.	 In	sum,	 the	results	are	 incompatible	with	both	
rationality	theory	and	motor	simulation	theories,	as	none	of	the	age	groups	was	
found	to	make	efficiency-based	predictions.















However,	 the	 current	 results	 lend	 no	 support	 for	 the	 notion	 that	 actions	 are	
more	predictable	when	they	are	constrained	by	the	situation	compared	to	when	












that	 co-actors	 tend	 to	 generate	 predictions	 about	 and	 plan	 ahead	 for	 the	 first	




movements	may	 form	 the	 primary	 source	 of	 information	 for	 action	 prediction	
(Stapel	 et	 al.,	 2012),	 and	 information	 about	 the	 action	 constraints	 is	 not	neces-
sary	in	those	cases.	Based	on	the	velocity	profile	(Graf	et	al.,	2007)	together	with	
curvature	 of	 the	 action	 (Flash	&	Hogan,	 1985)	 observers	 can	make	 predictions	
about	the	end-location	of	an	action.	If	the	movements	are	uninformative	about	the	
target	of	the	action	and	predictions	have	to	solely	rely	on	the	situation,	generating	



































Anticipations in the first two trials
A	repeated	measures	ANOVA	was	conducted	to	analyze	the	anticipation	frequency	
during	 the	 first	 two	 trials	 per	 condition.	 The	within-subject	 factors	 used	were	
ball	 (target,	 non-target),	 and	 action	 efficiency	 (efficient,	 inefficient),	 and	 age	
group	(8-month-olds,	23-month-olds,	adults)	was	included	as	a	between-subjects	
factor.	A	main	effect	of	age	was	found	(F(2,63)	=	10.57,	p	<	0.001),	indicating	that	





















In	 addition,	 action	 efficiency	 and	 type	 of	 ball	 had	 a	 combined	 effect	 on	 the	
frequency	of	anticipatory	looks	(F(1,63)	=	7.77,	p	=	0.007).	While	anticipations	to	





Lastly,	 action	efficiency,	 type	of	ball	 and	age	group	were	 found	 to	have	a	 sig-
nificant	three-way	interaction	effect	on	the	anticipation	frequency	(F(2,63)	=	3.16,	






























































account	 (Wilson	&	Knoblich,	 2005),	 the	motor	 system	 generates	 predictions	 of	
how	 observed	 actions	 will	 continue	 in	 time	 and	 space.	 These	 predictions	 are	
thought	to	be	based	on	the	motor	program	a	person	uses	for	executing	the	same	
action	(Kilner	et	al.,	2007;	Prinz,	2006;	Wolpert	et	al.,	2003).	Studies	contrasting	











adults	 is	 found	 to	be	 stronger	 if	 the	observer	has	more	motor	experience	with	
this	action	(Calvo-Merino	et	al.,	2005,	2006;	Cross	et	al.,	2006).	The	same	holds	for	
infants	as	shown	in	a	study	by	Van	Elk	and	colleagues	(2008b).	The	tested	14-	to	
16-month-old	 infants,	who	were	 experienced	 crawlers	 but	 inexperienced	walk-








Converging	evidence	suggests	 that	 the	motor	 system	plays	an	 important	 role	
in	the	prediction	of	perceived	actions.	That	is,	the	motor	system	is	active	during	
action	prediction	tasks	(Fontana	et	al.,	2012)	prior	to	goal	attainment	(Umiltà	et	











action	 (Cannon	&	Woodward,	 2012;	Falck-Ytter	et	 al.,	 2006;	Kanakogi	&	 Itakura,	
2011)	and	quicker	to	make	a	goal	inference	if	they	are	more	proficient	in	the	action	
they	observe	 (Ambrosini	 et	 al.,	 2013;	Gredebäck	&	Kochukhova,	 2010;	Kanakogi	






To	 answer	 these	 questions,	 the	 current	 study	 compares	 the	 prediction	 ac-
curacy	of	actions	that	are	either	part	of	the	observer’s	motor	repertoire	or	not.	
















of	an	actor	or	object	moving	 from	one	side	of	 the	scene	to	 the	other.	The	actor	
95
Motor	System	Contribution	to	Action	Prediction:	Temporal	Accuracy	Depends	on	Motor	Experience










1	 served	 as	 a	 proof	 of	 concept,	 comparing	 14-month-old	 infants	 (experienced	
crawlers,	 inexperienced	 walkers)	 with	 30-month-old	 toddlers	 and	 adults	 (ex-









probably	 predicted	using	 other	 brain	 areas,	 such	 as	Medial	 Superior	Temporal	
area	(MST)	and	Middle	Temporal	area	(MT,	Newsome,	Wurtz,	Dursteler,	&	Mikami,	
1985;	Tanaka	&	Saito,	 1989).	These	areas	 respond	 to	non-biological	movements	






















tracker	 (Tobii	 Technology,	 Stockholm,	 Sweden).	 First,	 a	 calibration	 procedure	
was	administered,	during	which	participants	viewed	contracting	and	expanding	
circles	placed	on	a	3	by	3	 (children)	or	4	by	4	grid	 (adults).	Data	was	 included	
in	the	analyses	if	sufficient	information	for	minimally	7	(children)	or	14	(adults)	
calibration	 points	was	 available.	 After	 calibration,	 48	 (children)	 or	 96	 (adults)	



































































Our	analyses	 focused	on	whether	 the	age	groups	differed	 in	prediction	perfor-




<	0.001)	 in	 their	predictions	of	walking	compared	 to	 crawling	actions,	whereas	
adults	 and	 toddlers	 displayed	 equally	 stable	 and	 accurate	 predictions	 for	 both	
walking	and	crawling	(see	Table	1	and	2).	Predictions	for	human	movements	were	
















































































































































Age Group Crawling-Walking Crawling-Object Walking-Object
Infants t(15) = 3.27** t(15) = 6.44*** t(15) = 2.52*
Toddlers t(22) = -0.95 t(22) =3.74*** t(22) = 5.42***
Adults t(15) = -1.30 t(15) = 5.44*** t(15) = 6.17***
All participants t(54) = 1.54 t(54) = 6.32*** t(54) = 5.84***
Table 2: Results	of	the	paired-samples	t-tests	used	to	examine	the	effects	of	age	group	on	prediction	
stability.	*)	p	<	0.05,	**)	p	≤	0.01,	***)	p	≤	0.001.
Age Group Crawling-Walking Crawling-Moving object Walking-Moving object
Infants t(15) = -4.66*** t(15) = -6.96*** t(15) = -1.06
Toddlers t(22) = 0.47 t(22) = -2.49* t(22) = -3.48**
Adults t(15) = 0.64 t(15) = -3.95*** t(15) = -3.43**
All participants t(54) = -1.91 t(54) = -5.42*** t(54) = -4.01***
Table 3: Results	of	the	independent-samples	t-tests	used	to	examine	the	differences	between	the	age	groups	
on	Prediction	Accuracy	and	Stability.	*)	p	<	0.05,	**)	p	≤	0.01,	***)	p	≤	0.001.
Age Group Infants-Toddlers Infants-Adults Toddlers-Adults
Prediction Accuracy t(37) = -2.67** t(30) = -5.05*** t(37) = -1.69
























questionnaire	about	 the	walking	experience	of	 their	 child,	 similar	 to	 the	 infant	
group	in	Experiment	1.
Materials
The	 walking	 and	 crawling	 stimulus	 videos	 of	 Experiment	 1	 were	 also	 used	 in	
Experiment	 2.	 The	 object	 videos	 were	 replaced	 by	 videos	 displaying	 a	 rolling	
ball.	The	size	of	the	ball	in	the	video	and	occlusion	duration	were	matched	with	



















toddler	group	(r	=	0.57,	p	<	0.05),	whereas	no	such	 indication	was	 found	 in	 the	
infant	group	(p	=	0.32).	No	significant	correlations	were	found	between	reported	
















Age Group Crawling-Walking Crawling-Rolling ball Walking-Rolling ball











toddler	 group	 of	 Experiment	 1.	 Apparently,	 toddlers	 become	 able	 to	 precisely	




Interestingly,	 Experiment	 2	 provided	 no	 evidence	 for	 a	 correlation	 between	
walking	experience,	as	measured	in	the	lab	or	as	reported	by	parents,	and	predic-




sarily	 automatically	 imply	better	walking	 skills.	A	 longitudinal	 study	may	 shed	
more	 light	on	 the	relation	between	walking	development	and	 the	development	
of	 predicting	 observed	walking,	 as	 a	 longitudinal	 study	may	 partially	 rule	 out	


















ent	 types	of	object	movements	 is	 in	 line	with	previous	research	(Saunier	et	al.,	
2008;	Stadler	et	al.,	2012).	Moreover,	this	difference	was	found	both	for	unnatural	
but	computationally	simple	object	movements	(Experiment	1)	as	well	as	for	more	
complex,	 but	 natural	 movements	 (Experiment	 2).	 Whereas	 the	 motor	 system	
can	provide	accurate	predictions	of	human	movements	for	which	it	contains	for-
ward	models,	it	cannot	provide	accurate	predictions	of	non-human	movements.	














predictions	 for	walking	 that	were	 equally	 accurate	 as	predictions	 for	 crawling.	
These	young	toddlers	were	closer	in	age	to	the	infant	group	of	Experiment	1,	but	
comparable	 in	 their	motor	 abilities	 to	 the	 toddler	 group	 of	 Experiment	 1.	 The	
prediction	accuracy	results	of	this	group	matched	those	of	the	older	toddlers	of	
Experiment	 1:	both	groups	predicted	walking	as	accurately	as	 crawling.	Appar-
ently,	 in	 the	time	frame	in	which	 infants	 learn	to	walk	 independently,	 they	also	



















not.	Though	studies	 investigating	experts	are	essential	 for	this	 line	of	research,	
the	current	study	looks	at	effects	of	motor	experience	in	the	general	population.	
This	study	is	among	the	first	to	show	that	differences	in	predictive	abilities	are	





In	 sum,	 the	 results	 of	 the	 present	 study	 show	 that	 action	 prediction	 is	more	
accurate	 and	more	 stable	 for	movements	 that	 are	within	 the	motor	 repertoire	






















































































et	 al.,	 2007;	 Prinz,	 2006;	Wolpert	 et	 al.,	 2003;	Oztop,	Wolpert,	&	Kawato,	 2005).	




Consequently,	 laws	 governing	 action	 production	 can	 be	 expected	 to	 also	 affect	
action	perception.	One	of	 these	 laws	 is	 Fitts’s	 law	 (1954),	which	describes	 that	
actions	directed	at	small	targets	require	more	time	to	perform.	Recent	empirical	






































scranial	Magnetic	 Stimulation	 (TMS)	 disrupts	 these	 predictive	 eye	movements	

















Empirical	 research	 shows	 that	 in	 adults,	 not	 only	 action	 production	 follows	


















these	 constraints	 influence	 activity	 in	motor	 cortical	 areas	 of	 the	 brain	 during	
observation	and	execution.











a	 large	and	a	 small	one,	 at	 the	end	of	 a	 table.	A	hand	started	moving	 from	 the	
one	side	of	 the	 table	 to	 the	other	 to	press	either	 the	 large	or	 the	small	button.	





























in	Nijmegen.	 The	 adults	were	 recruited	 via	 a	 participant	 database	 of	 Radboud	
University	Nijmegen.	Written	 informed	 consent	 of	 the	 participants	 or	 the	 par-
ticipants’	parents	was	obtained	prior	to	participation.	Participation	in	the	study	
was	 rewarded	with	 a	 small	 gift	 (an	 infant	 book	 or	 10	 Euros	 for	 the	 participat-
























the	 small	 buttons	 took	more	 time	 than	movements	 towards	 the	 large	 buttons	




















(4	by	4	cm)	 in	 the	middle	of	 the	board.	The	main	 factor	 influencing	movement	






The	 procedure	 for	 data	 collection	 was	 kept	 as	 similar	 as	 possible	 across	 age	
groups.	Participating	infants	were	seated	in	a	car	chair	resting	on	the	lap	of	their	
caregiver	 in	 front	 of	 a	 computer	 monitor.	 Participating	 adults	 were	 seated	 on	
an	office	chair	adjusted	to	their	height.	Infants’	gaze	was	recorded	using	a	Tobii	
1750	(Tobii	Technology,	Sweden).	Adults’	gaze	was	recorded	with	a	different,	but	























Square-shaped	 areas	 of	 interest	 (AoIs)	 of	 equal	 size	 (100	 by	 100	 pixels)	 were	
defined	around	the	buttons	in	the	stimulus	displays,	and	in	addition,	an	AoI	was	
defined	 containing	 the	 full	 display	 of	 the	 stimulus	movie	 (1280	 by	 580	 pixels).	













Video coding of button presses
Infants’	attempts	to	press	the	large	and	small	buttons	were	coded	from	the	video-
recordings.	Per	 type	of	button,	 the	attempts	 to	press	 the	button	were	 counted.	

















to	 the	 second	 button.	 Thus,	 importantly,	 only	 anticipatory	 fixations	 initiated	
during	 this	 first	ambiguous	phase	of	 the	action	were	analyzed	(the	duration	of	
the	ambiguous	phase	ranged	from	1.58	to	1.88	seconds	after	stimulus	onset).	An	
implication	 of	 this	 analysis	 choice	was	 that	 fixations	 to	 the	 first	 button	would	
likely	occur	more	frequently	compared	to	fixations	to	the	second	button,	because	





tions.	Given	 that	participants	 tended	 to	anticipate	only	 to	 the	close	button	and	
appeared	 to	 exhibit	 hardly	 any	 anticipations	 to	 the	 far	 button,	 the	 subsequent	
























































































large)	and	age	group	(9-month-olds,	 12-month-olds,	 15-month-olds)	on	 the	per-
centage	of	successful	button	press	attempts	out	of	all	attempts.	A	main	effect	of	
button	 size	 on	 the	 percentage	 of	 successful	 button	 presses	was	 found	 (F(1,68)	
=	28.05,	p	<	0.001,	η2
p














samples	 t-tests	 showed	 that	 the	 12-month-olds	were	more	 successful	 than	 the	
9-month-olds	when	trying	to	press	the	small	button	(t(32.9)	=	5.79,	p	<	0.001),	but	














































































rection	 time	data.	A	main	effect	 of	button	 size	was	observed	 (F(1,63)	=	 53.81,	p	
<	0.001,	η2
p



















































































Three	 factors	 influenced	how	 frequently	 the	observers	 looked	at	 the	buttons	
while	the	action	was	unfolding.	First,	many	more	anticipatory	looks	were	made	
to	the	button	nearest	to	the	initial	position	of	the	hand	than	to	the	button	located	
further	 away,	when	 the	 hand	 had	 not	 yet	 passed	 the	 nearest	 button.	However,	
our	analysis	period	ended	when	the	hand	was	at	the	point	of	passing	the	nearest	





The	 second	 factor	 that	 influenced	 anticipatory	 looks	was	 the	 velocity	 of	 the	
movement,	which	was	 the	main	manipulation	 in	 the	 current	 study.	The	 results	
showed	that	participants	looked	more	frequently	at	the	first	button	when	it	was	





The	 third	 factor	 that	 affected	 the	 frequency	 of	 anticipatory	 looks	 was	 age.	
Whereas	adults	and	15-month-old	infants	looked	more	frequently	to	the	first	but-












while	 the	 action	 still	 unfolds.	 Our	 results	 are	 in	 line	with	 this	 hypothesis:	 The	





be	pressed	 thus	 follows	–	at	 least	by	and	 large	–	 the	same	developmental	 time	
course	as	the	ability	to	press	buttons.	However,	within	the	group	of	12-month-old	










































The	prediction	of	 others’	 actions	 is	 fundamental	 for	 understanding	others’	 be-







from	 the	previously	described	 five	 empirical	 studies	 and	 their	 implications	 for	
our	understanding	of	action	prediction	in	infants	and	adults	are	discussed.
Summary of the main findings
Types of information









Chapter	 2	 showed	 that	 the	neural	 responses	 to	 observation	of	 these	more	 and	
less	 predictable	 object-directed	 actions	were	 different,	which	 provides	 further	
evidence	for	the	claim	that	object-knowledge	plays	a	role	in	predicting	actions.











reduces	 the	degrees	of	 freedom	of	 the	movements	 to	 an	extent	 that	 the	 action	
becomes	clearly	more	predictable.	
The	role	of	kinematics	for	action	prediction	was	investigated	in	more	depth	in	













integrated	 into	 infants’	action	prediction	all	at	once,	and	studying	 the	develop-
mental	timeline	of	action	prediction	may	offer	insight	in	how	different	capacities	
build	 on	 each	 other.	 In	 addition,	 such	 a	 developmental	 timeline	might	 provide	
indications	 about	 the	 developmental	 processes	 underlying	 action	 prediction	
development,	 and	 at	 the	 same	 time,	 give	 insight	 into	 the	 processes	 underlying	
action	prediction	in	general.




to	 their	 ears),	which	 rules	 out	 the	 possibility	 that	motor	 experience	 underlies	
these	predictions.	An	inborn	notion	of	how	artifacts	are	normally	used	also	seems	
highly	unlikely.	Quite	plausibly,	these	predictions	might	thus	be	acquired	through	
observational	 experience.	 Despite	 the	 fact	 that	 early	 predictions	 of	 object	 use	
are	based	on	knowledge	that	is	most	likely	acquired	through	visual	experience,	
we	observed	 in	Chapter	 2	 that	 at	 12	months	 of	 age,	 the	motor	 system	 is	 active	























had	 in	 their	motor	 repertoire	 compared	 to	 actions	 not	 yet	 acquired	 (Chapters	
5	and	6).	Prediction	of	button-presses	was	shown	to	develop	between	12	and	15	
months	of	age,	corresponding	to	the	developmental	timeline	of	becoming	able	to	































rolling	ball	 (Experiment	2).	From	the	viewpoint	of	agency	ascription,	 the	 latter	




prediction	accuracy	 for	both	actions	 is	 relatively	 low,	but	as	 the	 study	was	not	





The	 infants	 and	adults	 in	our	 studies	were	able	 to	 identify	potential	 targets	 in	







the	 same	chapter	 stress	 the	need	 to	 consider	not	only	 the	action	 targets	when	




the	 same	 goal	 can	 be	 reached	 through	 many	 different	 movements	 (Park,	 Kim	














uninformative	 for	 action	 prediction	 because	 the	 relation	 between	 targets	 and	
movements	can	be	expressed	as	a	many-to-many	mapping	(Kilner	et	al.,	2007;	van	
Rooij	et	al.,	2008).	Many	movements	can	be	used	to	arrive	at	the	same	target,	and	
the	 same	movement	may	have	many	 targets.	However,	 the	current	data,	 along-
side	 recent	 other	 empirical	 work	 (Becchio	 et	 al.,	 2008,	 2012;	 Ansuini,	 Santello,	
Massaccesi,	 &	 Castiello,	 2006;	 Ansuini,	 Giosa,	 Turella,	 Altoè,	 &	 Castiello,	 2008;	




many-to-one	mapping.	 If	 the	action	context	and	principles	of	efficiency	 further	
narrow	down	 the	 solution	 space	 from	many-movements-to-a-single-target	 into	
Chapter	7
134










The	 results	 of	 these	 chapters	 are	 inconclusive	 about	 the	 impact	 of	 action	 con-
straints	on	action	prediction.	Chapter	3	showed	that	actors	move	in	a	more	pre-
dictable	way	when	facing	an	action	constraint	than	in	the	absence	of	constraints,	
and	 in	 that	 way,	 action	 constraints	 support	 action	 prediction.	Whether	 or	 not	
action	constraints	themselves	are	used	for	action	prediction	is	yet	unclear.	Con-
straints	have	the	potential	to	affect	action	prediction,	but	maybe	constraints	only	
affect	 local	predictions,	 concerning	 the	movements	of	 the	actor,	 and	not	 global	
predictions	about	the	final	target	of	the	action.
Processes underlying action prediction and the early development 
of action prediction
A	question	 central	 to	 the	 current	 thesis	 is	 how	action	prediction	develops	 and	
which	processes	underlie	action	prediction	and	its	development.	To	what	extent	
is	 action	 prediction	 development	 an	 experience-independent	 or	 a	 experience-
dependent	 process?	 And	 if	 experience	 plays	 a	 crucial	 role	 in	 action	 prediction	
development,	what	aspects	of	these	experiences	make	these	experiences	so	valu-
able?	
Is action prediction development experience-independent?










cussing	experience-independent	processes	 in	action	prediction.	First,	 for	 those	
favoring	 experience-independent	 theories,	 the	 current	 thesis	 provides	 some	
positive	news.	In	line	with	experience-independent	viewpoints,	no	evidence	for	
a	direct	relation	between	motor	experience	and	action	prediction	was	found	in	

























The case for a ‘visual experience only’ account: theoretical considerations
It	is	good	scientific	practice	to	generate	and	test	minimalistic	theories	to	explain	
phenomena.	Parameters	should	only	be	included	if	necessary,	a	principle	that	is	























In	 sum,	 visual	 experience	 has	 several	 advantages	 over	motor	 experience	 for	
action	 prediction	 development:	 1)	 visual	 experience	 can and	does	 affect	 action	
prediction	earlier	 in	development	 than	motor	 experience	 can,	 2)	 visual	 experi-





Can visual experience alone explain the empirical data?
A	short	tour	through	the	empirical	chapters	of	this	thesis	 illustrates	that	visual	
experience	alone	cannot	fully	explain	action	prediction	development.	In	Chapter	
2,	 stronger	motor	 activation	was	 found	 during	 the	 observation	 and	 prediction	
of	 unusual	 compared	 to	 ordinary	 actions.	 Had	 the	 predictions	 been	 generated	


















































First,	motor	experience	may	 improve	motor	 simulations	 (Wilson	&	Knoblich,	
2005),	such	that	more	experience	leads	to	more	accurate	simulations,	which	may	
produce	predictions	 that	are	more	accurate	 than	 those	based	on	visual	experi-
ence.	Walking	and	crawling	were	equally	well	predicted	by	observers	capable	of	














Third,	 motor	 experience	 can	 serve	 as	 a	 powerful	 tool	 to	 discover	 the	 possi-





(Blakemore	et	 al.,	 1998).	This	 ‘knowledge’	may	also	be	acquired	 through	visual	
experience.	However,	if	visual	experience	is	the	basis	for	learning	motor	laws	for	
the	prediction	of	others’	actions,	then	more	instances	of	the	actions	are	needed	
compared	 to	 a	 situation	 in	which	 these	 laws	 are	 acquired	 through	 own	motor	
experience.	 The	 perceived	 instances	will	 namely	 stem	 from	multiple	 individu-
als	and	will	hence	contain	more	variance	 than	 the	 instances	of	own	actions,	as	
individuals	vary	 in	 their	movement	patterns	 (Cutting	&	Kozlowski,	 1977;	Loula,	
Prasad,	Harber,	&	 Shiffrar,	 2005).	 The	 other	 side	 of	 the	 coin	 is	 that	 own	motor	
experience	 offers	 less	 variability	 and	 therefore	 lower	 generalizability.	 Another	
advantage	of	relying	on	motor	experience	 is	 that	healthy	 individuals	 in	general	
have	 more	 opportunities	 to	 perform	 actions	 than	 to	 observe	 them	 in	 others,	
because	regardless	of	the	situation,	the	self	is	always	present,	the	availability	of	



















principles	hold	 in	 early	development	 and	 that	 these	principles	 can	 explain	 the	
development	of	action	prediction.
Directions for future research




Predicting movements and predicting action targets
According	 to	motor	 simulation	accounts,	 action	 targets	are	predicted	based	on	
the	observed	movements,	and	simultaneously,	movements	are	predicted	based	on	
the	action	target	(Prinz,	2006;	Kilner	et	al.,	2007;	Schubotz	&	von	Cramon,	2008).	
How	 can	 both	 of	 these	 statements	 hold?	 There	 are	 two	 potential	 explanations	
which	 are	 not	mutually	 exclusive.	 The	most	 commonly	mentioned	 explanation	




be	 given	 these	movements,	 and	 after	 a	 hypothesis	 has	 been	 formed	 about	 the	




ing	 to	 this	explanation,	actions	can	be	segmented	 into	distinct	periods	of	 time.	
Before	movement	onset,	the	observer	might	identify	aspects	crucial	to	the	action,	
for	 instance	 the	 action	 context,	 and	 the	 posture	 of	 the	 actor.	 Basic	 perceptual	
processes	might	serve	to	identify	edges,	depth	cues,	surfaces,	and	might	lead	to	
the	 identification	 of	 objects	 (Spelke,	 1990;	 Gerlach	&	Marques,	 2014).	More	 ad-
vanced	processes,	probably	relying	on	previously	acquired	knowledge,	determine	


















study	 presented	 in	 Chapter	 2,	 infants	might	 initially	 have	made	 the	 prediction	

























Visuomotor versus motor experience
As	outlined	in	the	General	Introduction,	multiple	theories	have	been	proposed	on	
how	the	action-perception	 link	comes	 into	place	during	development.	The	cur-
rent	 findings	 indicate	 that	action	prediction	abilities	differ	 for	different	actions	
and	that	motor	experience	with	a	specific	skill	ameliorates	the	prediction	quality	
of	exactly	 that	action.	The	 findings	are	hence	congruent	with	the	 idea	that	mo-
tor	experience	plays	a	key	role	in	the	development	of	the	action-perception	link,	






of	 these	actions,	 associations	are	 formed	between	motor	and	sensory	neurons.	
Once	these	associations	are	formed,	perceiving	an	action	will	lead	not	only	to	the	







the	 motor	 system,	 a	 ‘motor	 only’	 account	 may	 also	 explain	 action	 perception	





motor	 skill	while	 being	 blind-folded.	 Their	 visual	 recognition	 of	 this	 novel	 act	
improved,	although	they	had	received	a	nonvisual	motor	training	(Casile	&	Giese,	















of	 the	current	set	of	experiments.	Manual	actions	such	as	 the	one	presented	 in	
Chapter	6	are	often	guided	by	vision	(Land,	2006;	Hayhoe,	2000),	whereas	actors	
have	 only	 limited	 visual	 access	 to	 their	 walking	 and	 crawling	 performance.	 A	




perception	 development	 is	 needed	 to	 clarify	 how	 the	 first	 person	 perspective	
is	 translated	 into	 a	 third	person	perspective	 (Thomas,	 Press,	&	Haggard,	 2006;	
Shmuelof	&	Zohary,	 2008)	 and	how	 this	 translation	 is	 acquired	during	 infancy.	
A	 ‘motor	 only’	 account	 faces	 the	 same	 challenge	 of	 explaining	 the	 translation	
between	perspectives.	Potentially,	proprioception	mediates	the	translation	from	




















is	 advantageous	 for	both	 research	 fields,	 robotics	 and	developmental	 cognitive	




Interaction	 between	 robotics	 and	 developmental	 cognitive	 science	 forces	 the	
developmental	cognitive	scientist	to	generate	testable	hypotheses	and	explicate	
in	detail	how	 they	 think	development	works.	 For	 instance,	 the	development	of	
gaze	following	has	been	captured	and	described	in	a	computational	model	which	
has	 integrated	multiple	 empirical	 findings	on	 infants’	 development	of	 gaze	 fol-
lowing	(Triesch,	Jasso,	&	Deák	2007).	Based	on	the	model,	new	hypotheses	about	





well-functional	mechanisms	to	provide	the	robot	 the	capacity	 to	 imitate	others	
(Demiris	&	Dearden,	2005).	Development	in	a	robot	is	sometimes	preferable	over	
programming	all	details	in	the	robot	in	advance,	because	it	offers	flexibility	and	




and	 its	 early	 development	 was	 investigated.	 Infant	 and	 adult	 observers	 were	
shown	 to	base	 their	 action	predictions	 on	 the	 actor’s	movements	 and	on	 their	
previous	 knowledge.	 The	 developmental	 findings	 are	 consistent	 with	 the	 idea	





Motor	 or	 sensorimotor	 experience	 can	 at	 least	 have	 three	 advantages	 over	










been	 acquired?	Do	 the	 separate	 aspects	 of	 actions	 play	 a	 different	 role	 during	
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ten	 zoals	 gepresenteerd	 in	 hoofdstuk	 3,	 benadrukten	 echter	 dat	 objectgerichte	































Betreffende	 objectkennis	 had	 eerder	 werk	 laten	 zien	 dat	 baby’s	 reeds	 op	

















Voorspellingen	 van	 de	 timing	 van	 kruiphandelingen	 bleken	 nauwkeurig	 te	
zijn	 vanaf	 de	 leeftijd	 van	 tenminste	 14	maanden;	 jongere	baby’s	werden	 in	het	
betreffende	 onderzoek	 niet	 getest	 (hoofdstuk	 5).	 Baby’s	worden	 nauwkeuriger	




loopervaring	 dan	 de	 14-maanden-ouden,	 aldus	 hun	 verzorgers.	 Voorspellingen	




Processen die ten grondslag liggen aan actiepredictie en de ontwikkeling 
van actiepredictie
Welke	 processen	 liggen	 ten	 grondslag	 aan	 actiepredictie	 en	 de	 ontwikkeling	
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